ABSTRACT We proposed and demonstrated a high sensitivity temperature sensor in an avoided-crossingbased selective-filling photonic crystal fiber (SFPCF) which was designed by selectively filling two symmetrical air holes around the fiber core of an index-guiding PCF with a kind of high index liquid. The avoided-crossing effect caused by the resonant couplings rather than the crossings between the two-highindex-rod modes and the fundamental mode results in unique birefringence characteristics. The temperature response of the modal phase and group birefringence were both calculated in detail. And the phase and group birefringence are highly sensitive to temperature. Then, the transmission characteristics of a Sagnac interferometer (SI) based on the SFPCF were discussed both in theory and in experiments. The experimental results present that the weak mode couplings have no influence on the transmission spectrum of the SFPCF based SI. The interference dips at different wavelengths present distinctive transmission and temperature characteristics. In experiment, the highest temperature sensitivity of −6.9 nm/ • C at 36.5 • C was achieved.
I. INTRODUCTION
In recent years, the emergence and the development of photonic crystal fibers [1] , [2] provided new technologies and opportunities for the development of fiber sensors with high sensitivity and flexibility. Especially, the PCFs' airhole lattice structure, which is allowed to be infiltrated with temperature-sensitive materials, opened up new opportunities for high temperature sensing [3] , [4] . Based on the diverse filling patterns, PCFs used for fiber sensing will present different sensing mechanisms. One way was by mode coupling between the core mode and another mode excited through selective-filling one or two cladding holes [5] - [7] , inscribing the fiber grating [8] , or bending [9] . Some couplings will make the light and the filled liquid react sufficiently, which result in higher temperature sensitivities just as 11.6 nm/ • C [5] and 13.1nm/ • C [9] . Another way was by the birefringent fiber, achieved by non-circular-symmetrical filling pattern, based Sagnac interferometer (SI) [10] - [15] . The birefringent fibers based SI have significant applications in fiber sensing [16] . And the realized birefringent PCFs present diverse characteristics based on the guiding mechanism of original PCFs, index guiding or bandgap guiding, and the filling materials, higher index or lower index than that of PCF background. The conventional index-guiding birefringent PCFs, with low thermal-optic coefficients, have been widely applied to temperature insensitive sensors [17] , [18] . Otherwise, if the same temperature-insensitive PCFs in [17] were fully infiltrated with the ethanol [14] or selectively infiltrated with a high index liquid [10] , the temperature sensitivities of 6.6 nm/ • C and 0.4 nm/ • C were achieved, respectively. In 2008, Du et al. [12] placed a HiBi photonic bandgap fiber (PBGF), realized by fully infusing the anisotropic liquid crystal, into a SI, and realized the electrically tunable Sagnac filter. In addition, if several selected air holes of PCFs were infiltrated with high index temperature-sensitive materials, the avoided-crossing effect will be induced by mode couplings rather than the crossings between core fundamental modes and filled waveguide modes, which will play a crucial role in birefringent characteristics. In [19] and [20] , the birefringent and sensing characteristics of several types of selective-filling high birefringent PCF were analyzed theoretically in detail, which provides potential applications in designing diverse controllable birefringent PCFs for specific temperature sensing.
In this paper, an avoided-crossing effect based selectivefilling photonic crystal fiber (SFPCF) was designed by selectively filling two symmetrical air holes around the fiber core of an index-guiding PCF with a high index liquid. There are two mode coupling areas, strong and weak coupling areas, which are caused by the modal couplings between the fiber core fundamental modes and different two-high-index-rod waveguide modes. Both the two couplings result in decrement of the phase birefringence nearby the coupling areas in theory, which is different from the linear change of the phase birefringence in index-guiding birefringent PCFs in [14] and [15] . The temperature response of the modal phase and group birefringence were both calculated in detail. And the birefringence characteristics are highly sensitive to the temperature. Then, the transmission characteristics of a SI based on the SFPCF were discussed both in theory and in experiment. In theory, the interference dips locating different wavelengths before or after the weak mode coupling wavelengths presented distinctive transmission and temperature characteristics. In experiment, the weak mode couplings have no effects in the transmission spectrum of the SFPCF based SI. The temperature sensitivities achieved in experiment have the similar change tendency to that in theory. The highest temperature sensitivity of −6.9 nm/ • C at 36.5 • C was experimentally achieved. Although the achieved temperature sensitivities are lower than that in [5] and [9] , the proper birefringet PCF can be designed according to the practical needs just by choosing proper filled materials and patterns and higher sensitivities will be achieved [15] .
II. THEORETICAL ANALYSIS OF THE BIREFRINGENCE AND THE TRANSMISSION CHARACTERISTICS OF THE SI
Figure 1 (a) shows the microscopic cross-section of the indexguiding PCF used in the paper which was fabricated by Yangtze Optical Fiber and Cable Corporation Ltd. of China. This pure silica PCF includes five rings of air holes arranged in a regular hexagonal pattern. The effective index of silica The modal effective index of the core fundamental modes and two-high-index-rod modes were simulated using the COMSOL software. Fig. 2 (a) demonstrates the effective refractive indexes of the modes (n x and n y ) at the x and y polarized directions, respectively. Similarly, Fig. 2 (b) demonstrates the modal field distributions at some wavelengths. Point a represents the core fundamental mode. In addition, the phase-matched condition n eff core = n eff rod (where n eff core and n eff rod are the modal refractive indexes of the core fundamental mode and the two-high-index-rod mode) is satisfied at a resonant wavelength at which the core fundamental mode will couple with the two-high-index-rod mode. At the wavelengths around 1.30 µm, points b, c, d, and e indicate the mode couplings between core fundamental mode LP 01 and two-high-index-rod LP 31 odd modes. At the wavelengths around 1.2 µm, point f represents the mode coupling between core fundamental LP 01 mode and two-high-index-rod waveguide LP 12 odd mode. Based on the non-circular symmetrical filling structure, birefringence was introduced into the PCF. The phase birefringence B and group birefringence B g are two basic parameters to describe birefringence characteristics. And the expressions are shown as follows:
Next, according to the two formulas, B and B g were calculated and plotted in Fig. 3 (a) and (b), respectively. On the basis of the avoided-crossing effects of the mode couplings, the discussed wavelength scale ranging from 1.2 µm to 1.6 µm can be divided into three parts. The three B all increase first and then decrease with the wavelength increasing. At the two coupling areas beside 1.27 µm and 1.30 µm, the three B all have decreased trend. This is because that when the light couples from the core to the two-high-index-rod waveguide, the birefringent effect of the waveguide modes will be weaken compared to that of the core fundamental modes, This also can be explained through the effective index curves as shown in Fig. 2 (a) . The two curves at x and y polarized directions will approach around the coupling areas, which were analyzed in detail in our previous work in [19] . The three B g all have similar change trend, and increase with wavelength increasing. Furthermore, the three B g all have zero values at wavelengths 1.22 µm, 1.29 µm, 1.33 µm, respectively.
Then, the SFPCF was placed into the SI device, as demonstrated in Fig. 4 . The SI includes a polarization controller (PC), a 3-dB optical coupler (OC) with a splitting ratio of ∼50:50 at a wavelength range from 1.30 µm to 1.60 µm and a section of SF-PCF as well. The light from a supercontinuum source (SC) (1.2 µm-1.7 µm) is split into two counterpropagating beams by the OC and propagates around the fiber loop. Due to the phase difference between two perpendicular polarized directions induced by the birefringence, the two beams will interfere through the OC. And an optical spectral analyzer (OSA) with the highest resolution of 0.02 nm is used for measuring the interference transmission spectrum. The temperatures of SFPCF are changed by a temperature chamber. The interference transmission spectrum of the SI can be expressed by the following equation:
Where δ is the phase difference and is expressed as:
L is the filling length. The wavelengths of the output interference dips λ m with minimum value satisfy the phase matched condition:
Where, m is the integer. Taking the derivative of Eq. (3) respected to temperature, the temperature sensitivity S is deduced as:
It can be seen from the formula the temperature sensitivity S is inversely proportional to B g . Next, we explored the temperature response of the birefringence characteristics. Figure 5 (a) and (b) show the change of B and B g with temperature. It can be seen that with the increase of temperature, the curves of B and B g both shift to shorter wavelengths. Furthermore, the B decrease with temperature increasing, and the curves of B g all have zero values at certain wavelengths.
Then, the output spectra of the SFPCF based SI were simulated according to Eq. (3). The output spectra of the SI VOLUME 6, 2018 from 35 • C to 40 • C were calculated and shown in Fig. 6 . We followed five dips to study the temperature response and their wavelengths at 35 • C are 1.463 µm, 1.431 µm, 1.388 µm, 1.321 µm, and 1.169 µm, respectively. With temperature increasing, dips 1, 2, 3, 4, and 5 all shift to short wavelengths; dip 4 at 40 • C disappears and a wide loss dip appears. If the temperature increases continually, the depth of the wide dip decreases till it disappears. This is due to the non-monotonicity of phase birefringence leading to the disappearance of dips. Figure 7 (a) shows the wavelength variation of dips 1, 2, 3, 4, and 5 with temperature using the dotted points. The data of dips 2 and 4 were analyzed and fitted with 5-order polynomial and the fitting degrees of them which are represented by Adj. R-Square are 0.99988 and 1. The data of dips 1, 3, and 5 were fitted with 2-order, 4-orde, and 6-order polynomial and their Adj. R-Square are 0.99978, 0.99899, and 0.99896, respectively. Next, by the first-order derivative of these fitting curves, the temperature sensitivities of the five dips were achieved, as shown in Fig. 7 (b) . According to Eq. (6), the sensitivity is inversely proportional to group birefringence. When the wavelength is longer than 1.30 µm, it is known from Fig. 3 that with wavelength decreasing, the B g decreases, and meanwhile the sensitivity increases. The sensitivities of dip 1 are roughly linear with 
III. EXPERIMENTAL REALIZATION AND RESULTS
In experiment, the SFPCF was realized by the manual glue method. The transmission spectrum of the SFPCF was measured as shown in Fig. 8 with a red curve. It can be seen that there is a bandgap from 1.220 µm to 1.594 µm. The high loss at 1.220 µm results from the mode coupling between core fundamental mode and two-high-index-rod LP 12 odd mode. In addition, there are two shallow loss dips with 8.6 dB loss at 1.301 µm and 1.339 µm, respectively which are from the mode couplings between core fundamental mode and two two-high-index-rod LP 31 odd modes, just as Fig. 2 illustrated. Comparing the high loss at about 1.220 µm, the couplings of the two dips are weak coupling. Next, the SFPCF was put into the SI device, and the interference transmission spectrum was measured, as shown in Fig. 8 with a black curve. There are some interference dips with unequal intervals at the wavelength scale. However, due to weak coupling, the two shallow dips do not appear at the transmission spectrum of the SI. According to the relationship between dip interval λ and B g as described by B g = λ 2 /( λ · L), the measured B g was plotted in Fig. 9 . The values of B g at both edges of the bandgap are larger than that in the middle, which is similar to the theoretical change tendency in Fig.5 (b) if ignoring the influences of the two weak-coupling dips in theory. Then, the temperature characteristics of the SFPCF based SI were studied. Figure 10 (a) and (b) show the interference spectra of the SFPCF based SI at different temperatures from 25 • C to 57 • C. With the increase of temperature, the output spectra shift towards shorter wavelengths. Five interference dips 1 to 5 were chosen to study the specific wavelength changes with temperature which were shown in Fig. 11 (a) . The experimental data was fitted by polynomial as the solid curves shown. By the first-order derivative of the fitting curves, the temperature sensitivities S were obtained, as shown in Fig. 11 (b) . As we can see, the variation trend of sensitivities obtained in experiment is similar to that obtained in theory. The sensitivities of interference dips 1-4 from 25 • C to 57 • C range from −3.5 nm/ • C to −3.9 nm/ • C, from −3.8 nm/ • C to −4.4 nm/ • C, from −4.2 nm/ • C to −5.6 nm/ • C, and from −5.2 nm/ • C to −6.9 nm/ • C, respectively. The sensitivity of dip 5 also has the wavy change trend which is similar to that of the theoretical dip 5 as shown in Fig. 7 (b) , and has the temperature sensitivities from −1.95 nm/ • C to −2.4 nm/ • C. And the highest temperature sensitivity achieved in experiment is −6.9 nm / • C for dip 5 at 36.5 • C. Then, the temperature detection limit T was estimated assuming signal to noise ratio SNR=50 dB based on the semiheuristic formula proposed by White and Fan [21] and is about 0.007 • C. There are some differences of wavelength scales and sensitivity values between theories and experiments, which mainly resulted from small disparities in the size of the PCF and the index of high index rods between theoretical model and actual experimental measurement. According to the ARROW theory using to explain the photonic bandgap mechanism in [22] , the sizes of PCFs, including the air hole diameter and the holes distance, and the index of the filled material highly affect where the mode couplings areas locate. Moreover, the wavelengths errors will further influence the temperature sensitivities. The errors between experiment and theory were unavoidable. But, the overall change tendencies of the temperature response in theory and in experiment were matched well.
IV. CONCLUSION
We proposed and demonstrated a high sensitivity temperature sensor by introducing the avoided-crossing effect in an index-guiding PCF by selectively filling two air holes beside the core with a high index liquid. Due to the influences of the avoided-crossing effects based mode couplings, the phase birefringence and group birefringence presented unique characteristics and were highly sensitive to the temperature. In addition, the transmission characteristics of the SFPCF based SI were also analyzed in detail both in theory and in experiment. The experimental results present that the weak mode couplings have no influence on the transmission spectrum of the SFPCF based SI. The interference dips at different wavelengths present distinctive transmission and temperature characteristics. The results in theory and in experiment are well matched. The highest temperature sensitivity of −6.9 nm/ • C was achieved in experiment. This provides the convenience for realizing controllable birefringence PCFs and bright prospect for high sensitivity sensing. 
